Porous carbon can be tailored to great effect for electrochemical energy storage. In this study, we propose a novel structured spherical carbon with a macroporous core and a microporous shell derived from a sustainable biomass, amylose, by a multi-step pyrolysis route without chemical etching. This hierarchically porous carbon shows a particle distribution of 2-10 µm and a surface area of 672 m 2 g -1 . The structure is an effective sulfur host for lithium-sulfur battery cathodes, reduces the dissolution of polysulfides in the electrolyte and offers high electrical conductivity during discharge/charge cycling. The hierarchically porous carbon can hold 48 wt% sulfur mostly in its porous structure. The S@C hybrid shows an initial capacity of 1490 mA h g -1 and retains a capacity of 798 mA h g -1 after 200 cycles at a discharge/charge rate of 0.1 C. A capacity of 487 mA h g -1 is obtained at 3 C rate. A one-step pyrolysis and a chemical reagent assisted pyrolysis are also assessed to obtain 2 porous carbon from amylose, but the obtained carbon shows inferior structures for sulfur cathodes. The multi-step pyrolysis and the resulting hierarchically porous carbon offer an effective approach to the engineering of biomass for energy storage. The micron-sized spherical S@C hybrid with different sizes is also favorable for high-tap density and hence the volumetric density of the batteries, opening up a wide scope for practical applications.
Introduction
Under the dual pressure of emission reduction and economic development, developing naturally sustainable, abundant and low-cost materials for energy storage materials is highly desirable. Carbonaceous materials originated from biomass have received considerable attention in the application of energy storage devices with the increasing consciousness of sustainability and environmental benignity. 1 Versatile biomass carbon sources in nature offer wide choices in producing carbon of different structures that are required in energy storage, such as the carbonized bean shell used for electric double layer capacitors and lithium-ion battery anodes, 2 peanut shell derived hard carbon as anode materials for lithium and sodium batteries, 3 cotton, 4 apricot shell, 5 silk cocoon 6 and shaddock peel 7 as sulfur hosts for lithium-sulfur battery cathodes after carbonization.
Lithium-sulfur batteries (LSBs) have attracted substantial interest in recent years due to their high-energy density. 8 The electrochemical reactions between lithium metal and sublimed sulfur can be expressed by the following reactions: 
The theoretical capacity of sulfur cathode is 1672 mA h g -1 , assuming that a complete reaction product of Li2S is formed 10 . However, the long-chain lithium polysulfides (2<x≤8) generated in reaction (1) is soluble in the electrolyte of the LSBs, subsequently causing shuttling effect with the short-chain Li2S2/Li2S between cathode and anode during charging, which decreases the utilization of the overall active material during cycling. Moreover, sulfur and Li2Sx, (x =1-8)
have poor ionic and electronic conductivities, hence the internal resistance of the batteries is large and the reaction kinetics is sluggish. The early formed insoluble insulated layer of Li2S/Li2S2 on the surface of the sulfur particles during discharge impedes the continuous reduction of S, which leads to poor active material utilization. 11 The volume variation of sulfur during cycling is another problem. The volume expansion from S8 (with a density of 2.07 g cm -3 )
to Li2S (with a density of 1.66 g cm -3 ) 12 is ca. 79%, which causes pulverization of Li2S, and thus damages the electrical contacts between the Li2S particles and hence the integrity of the electrode. Therefore, challenges exist in achieving high cyclic stability and rate capability for LSBs.
To overcome the aforementioned problems of dissolution, low conductivity and volume expansion of the cathode material in LSBs, an effective and widely used method is to incorporate sulfur into porous conductive carbon matrix, such as mesoporous carbon hollow spheres, 13, 14 microporous carbon spheres, 15 hierarchical porous graphene sheets. 16 Alternatively, infiltrating sulfur into the tubes of carbon nanotubes, 17 impregnating sulfur in porous microsphere frameworks composed of multi-wall carbon nanotubes, 18 wrapping sulfur by graphene, 19, 20 or coating conductive polymers on the surface of sulfur particles. 21, 22 The above approaches sequester relatively the direct contact of sulfur and its lithiation products of polysulfides with the electrolyte, and hence reduce the dissolution of polysulfides in the electrolyte. The porous carbon host and the conductive polymer coatings also improve the electron conductivity of the sulfur cathode and accommodate the volume change of sulfur during cycling. As a result, the electrochemical properties of sulfur cathodes are improved. In addition, other method, such as electrodepositing sulfur nanodots on Ni foam coupling with adding Li2S8 as additive in the electrolyte 23 and in situ synthesis of nano sulfur particles distributed three-dimensional porous graphitic carbon composites 24 
Experimental

Material preparation
From the TG (thermal gravimetric) and MS (mass spectrum) measurements (Hiden Analytical QIC-20) of the amylose (Supporting information, Fig. S1 ), it is known that the main weight loss initiates at 260 °C and completes at 360 °C, showing a value of 57%, which is from the loss of H2O. . After cooling, the product was rinsed by stirring with 250 ml of 0.5 M HCl solution, which was further leached by distilled water at room temperature for several times, until the pH value of the filtrate was 7. The leached product was then dried in vacuum at 160 °C for 24 h.
The obtained product (KEAC) was used for structural characterization and for sulfur host without further milling. Graphite crucible was used as the container for the pyrolysis of all the samples. For preparation of S@C hybrids, the obtained carbon powder was firstly
mixed with sulfur by ball milling in a weight ratio of 1: 2, and then diverted into an airtight stainless steel container in vacuum. The container sealed with the mixture was heated at 160 °C for 24 h to infiltrate sulfur into the porous carbon to form S@C hybrids. In order to remove the sulfur covered on the surface of the carbon particles or congregated between the carbon particles, which is considered to be more easily dissolved in electrolyte and result in poor cyclic stability, the S@C hybrids were further heated at 300 °C for 0.5 h in a tube furnace under flowing Ar.
Structural analyses
Morphologies of the samples were observed by scanning electron microscopy (SEM, Hitachi S-4800). TG measurement of the S@C hybrids was performed from room temperature (RT) to 600 °C at a heating rate of 5 °C min -1 . A pure Ar (99.999%) was used as carrying gas. The distribution of sulfur in the S@C hybrids was detected by an energy-dispersive spectrometer (EDS, Horiba) attached to the SEM. In order to observe the inner structure of the carbonized products and the S@C hybrids, the samples were put into liquid nitrogen and kept for 5 minutes and then mechanically pressed by a pressure of 20 MPa. and a short irradiation period of 30 s was used.
Electrochemical tests
Electrochemical properties of the S@C hybrids were measured using coin cells 
Results and discussion
Structure characterization
XRD analysis ( and potassium oxide at temperatures higher than 700 °C.
Figs. 2a and b are the N2 adsorption isotherms and the pore size distribution curves of the pyrolyzed products, respectively. Fig. 2a shows that all the samples show type I isotherm adsorption according to the Brunauer classification. 29 Steep condensation steps occur only when the P/P0 value is lower than 0.05 and no other condensation steps are observed in the other range.
The result indicates that the detected pores of the different samples are mainly
microporous. Fig. 2b shows that the pore size ranges mostly in 1.0-2.0 nm, which are extremely small. Combining the macroporous core inside the spheres (Fig. 1) , it is obtained the multi-step pyrolyzed carbon (MHPC) has a hierarchical porous structure with macroporous core and microporous shell, and the one-step pyrolyzed (OSPC) and KOH etching-assisted pyrolyzed carbon (KEAC) has only micropores. Moreover, the MHPC has more amounts of pores than the other two, and the majority of the pores show size of ca. 1.2 nm (Fig.   2b ). The surface area and pore volume for the differently pyrolyzed carbon are listed in Table 1 . As the pores with size larger than 100 nm cannot be measured by the BET method, the macropore inside the MHPC particles are not included in Fig. 2 As known from the TG curve of the raw amylose (Fig. S1 ), vapor of H2O
was highly generated at 260-360 °C. High temperature H2O vapor has high energy, which damages the micelle structure of amylose molecules and makes amylose into a paste 31 . This is likely the main reason for the low porosity and low surface of the one-step pyrolyzed carbon, where a quick heating (5 °C min -1 ) up to 900 °C was used. Whereas for the multi-pyrolysis, the low heating rate in the temperature range of 240-350 °C is suggested to lower greatly the evaporation rate of H2O. The low heating rate, coupled with the high flow rate of the carrying gas, favours greatly the removal of the moisture, and hence reduces the damage of the high energy H2O vapor on the spherical shape of the original amylose. As a result, the spherical shape of the original amylose is preserved. For the KEAC, due to the strong etching of KOH to carbon, the damaged spherical shape was further carved to fluffy spongy-like structure. The gases (H2O, CO, CO2 and H2, Fig. S1 ) generated during the pyrolysis process are supposed to be the main factor for the formation of the micropores in the differently pyrolyzed carbon. The formation of the macroporous core inside the MHPC is also likely to benefit from the low evaporation rate of H2O vapor and the high flow rate of the carrying gas.
Raman corresponding to an overtone of the G band, which occurs commonly in graphitic materials, but not in amorphous carbon. [32] [33] [34] This confirms the present carbon contains graphitic domains. Such G′ band is also reported in a carbonized shaddock peel, showing comparatively ordered graphitic structure. 35 Graphitization, even partially, is a substantial prerequisite in improving the conductivity of carbonaceous materials, 32 which is helpful in facilitating the transportation of electrons of sulfur during electrochemical cycling.
The D, G and G′ bands from carbon also appear in the S@C hybrids. The ID/IG value of the different S@C hybrids shows a close value of ca. 2.1, which is slightly higher than that of the original carbon, indicating a decreasing level of order in the structure. Increase of ID/IG after impregnating sulfur is also reported in other S/C systems, such as the carbonized 1,4-H2NDC and sulfur system, where sulfur is reported to interact with the dangling bonds of carbon, resulting in extended sp 2 C-C bonds. 36 In addition, sulfur is not detected by the Raman measurement, indicating that individual sulfur should be mostly removed during the extra heating at 300 °C for 0.5 h after the sulfur infiltration process, and there is also extremely limited sulfur exposed on the surface of the S@C hybrid particles. Though sulfur is not detected by Raman analysis, XRD analysis of the S@MHPC, S@OSPC, S@KEAC hybrids (Fig. S3) shows that there are strong sulfur diffraction peaks in all the patterns of the S@C hybrids, which are highly The SEM morphology of the S@MHPC hybrid is shown in Fig. 4a . The insert of Fig. 4a is a schematic structure of the S@MHPC hybrid particle.
Comparison of Fig. 4a and Fig. 1a shows that the size of the S@MHPC hybrid hopefully favorable in getting high-tap density and hence the volumetric density of the batteries, which is important for practical applications. Fig. 4b shows representatively a crushed S@MHPC particle (the left) and its EDS mapping of sulfur (the right). It is seen that the macroporous core in the MHPC particles still maintains in the S@MHPC hybrid. The macroporous core is not fully filled with sulfur after the sulfur immersion process. It indicates that the long and narrow channels in the thick shell do not facilitate the flow of sulfur.
However, Fig. 4b shows that sulfur is evenly distributed in the particle shell, indicating fully filled micropores. Fig. 4c and d shows the morphologies of the S@OSPC and S@KEAC hybrids, respectively, which also seem similar to their original carbon ( Fig. 1c and d) , indicating that sulfur exists mostly in the micropores of the OSPC and KEAC also. Further EDS analysis also shows that sulfur is evenly distributed in the S@MHPC, S@OSPC and S@KEA hybrids (Fig. S4) . 
°C, corresponding to a weight loss of 22 wt%. A totally stable value of 47
wt% is obtained. Moreover, it is seen that the evaporation of sulfur at the high temperature range is much slower than that at the low temperature range. It is probably that sulfur confined in the much deep micro-channels of the S@MHPC is much difficult to evaporate. While both S@OSPC and S@KEAC hybrids show only one-step evaporation, centering at ca. 250 °C and 290 °C, and finishing at ca. 280 °C and 335 °C, respectively, all at lower temperatures than the S@MHPC hybrid. The total weight loss of the S@OSPC and S@KEAC hybrids, which are the S contents of the hybrids, are 24 wt% and 37 wt%, respectively. Both are lower than that of the S@MHPC. The depth of the micro-channels of the OSPC and KEAC particles is shallower than that of the MHPC particles. As shown in Fig. 4 , at least, the S@OSPC and S@KEAC hybrids show an overall smaller particle size than the S@C hybrid. In comparison, individual sulfur evaporates quickly and the evaporation ends at ca. 310 °C. So far, it is obtained that there is effective interaction between the confined S and carbon substrate for all the hybrids. The calculated amount of sulfur that the micropores in the MHPC particles can accommodate based on the porosity of the MHPC (Table 1) , taking the densities of the MHPC and sulfur to be 1.39 and 2.07 g cm -3 , respectively, are 40 wt.%, which is 7 wt% lower that the S content of the S@MHPC hybrid detected by TG analysis (47 wt.%). It is likely that there is also some amount of sulfur filled in the macropore inside the MHPC and absorbed on the surface of the MHPC particles, though there is still a macropore in the S@MHPC particles (Fig. 4b) . The sulfur contents that the micropores in the OSPC and KEAC can accommodate calculated by the same way are 22 wt.% and 35 wt.%, respectively, which are very close to the values detected by TG analysis (24 wt% and 37 wt%). The TG data of the sulfur impregnated S@C systems without the extra heating at 300 °C after the sulfur immersion process are shown in Fig. S5 . It is seen that the weight loss of the three systems shows a similar value of 56-57 wt.%, which are all slight lower than the added content of sulfur due to lose during the sulfur immersion process, but they are all higher than the sulfur contents in the S@C hybrids, confirming the removing of the free sulfur during the extra heating at 300 °C after the sulfur immersion process.
The surface area and the pore volume of the S@C hybrids are also listed in Table 1 cycles, corresponding to the capacity retention of 54%. In addition, the Coulombic efficiency decreases from 99% for the first cycle to 95% after several cycles, and then maintains at 95% in the subsequent cycles, which is supposed due to the weakly trapped sulfur on the surface of the S@MHPC hybrid was easily dissolved in the electrolyte at the initial several cycles. The degradation of the capacity and Coulombic efficiency in the first several cycles is severer, however, the capacity fading is stable when the weakly trapped sulfur was consumed. , respectively, which are all much higher than those of the S@OSPC and S@KEAC hybrids. Due to the high ohmic and kinetic over potential at high rate, the capacity decrease with increasing current rate. In addition, a capacity of 1000 mA h g -1 is recovered when the current density is returned back to 0.1 C, which is still high, though there is capacity degeneration after cycling at different rates. In comparison, the S@OSPC hybrid fails to cycle at 1 C and its capacity at 0.5C is only 380 mA h g The significantly improved capacity, cyclic stability and high-rate 25 capability of the S@MHPC hybrid is due to its unique structure: the inner marcopore can accommodate the volume change of the lithium polysulfide in the micro-channels in the shell; the long and narrow micro-channels in the shell not only confine and sequester sulfur and its transformed polysulfides, preventing effectively the dissolution of the polysulfides in the electrolyte, but also maintain an intimate contact of sulfur and polysulfides to the carbon substrate, providing sufficient electron conductivity for the hybrid; the large surface area and high porosity provide more sites for loading insulating Li2S/Li2S2 and favor the lithium-ion transportation; the partial graphitization offers high electron conductivity. However, for the OSPC and KEAC, the superiority is not so sufficient, therefore, the S@OSPC and S@KEAC hybrids show inferior electrochemical properties to the S@MHPC hybrid.
Although the electrochemical properties of the S@C hybrids from different laboratories cannot be quantitatively compared because of different electrode preparation and testing programs, it is still useful to observe progress made among the research communities. Comparison of the capacity and cyclic performance of the present S@MHPC hybrid with those of the typically reported sulfur cathode using other carbonized biomass hosts that we find is shown in Table 2 . It is seen that the initial discharge capacity and the capacity retention after 100 cycles at 0.1 C of the present S@MHPC hybrid are much higher than those of the S@shaddock peel 7 system. The initial discharge capacity and the capacity after 200 cycles at 0.1 C of the S@MHPC hybrid are also much higher than those of the S@cotton 4 and S@apricot shell 5 system which are also cycled for 200 cycles but at 0.2 C. If the magnitude of the present capacities at 0.1 C cannot be quantitatively compared with the reported values at a higher rate of 0.2 C, however, it is seen that the capacity retention of the present S@MHPC hybrid at 0.1 C after 200 cycles is very close to those of the S@apricot shell system at 0.2 C after 200 cycles 5 and the S@silk cocoon system at 0.5 C after 80 cycles. 6 Though the present capacity retention of the S@MHPC hybrid at 0.1 C after 200 cycles seems lower than that of the S@cotton system after 200 cycles also but at 0.2 C, 4 it is noted that its initial capacity is somewhat lower than the reported S@apricot shell system 5 at the same rate of 0.2 C, which favors capacity retention. It is different (difficult ?) to compare the cyclic stability of the present S@MHPC hybrid with the S@bamboo charcoal 25 system, as a rate of 0.5 C is used and 500 cycles are tested for the later. However, the capacity of 907 mA h g -1 of the present S@MHPC hybrid at 0.5 C after cycled at 0.1 C and 0.3 C, respectively, for each 10 cycles (Fig. 6b) , is much higher than the initial capacity of 685 mA h g -1 for
the S@bamboo charcoal system at 0.5 C. Moreover, the capacity of 681 mA h g -1 at 1C of the present S@MHPC hybrid (Fig. 6b) is comparable to that of the S@cotton system, 4 and is higher than the 640 mA h g -1 for the S@apricot shell, S@silk cocoon 6 systems, but is somewhat lower than those of the S@cotton, 4 S@shaddock peel 7 and S@bamboo charcoal 25 systems. Exploring the way to fill a higher amount of sulfur to the macroporous cores inside the MHPC particles is expected in the future work to increase the sulfur content of the S@MHPC hybrid. Refs. indicating that the reduction occurs at a considerably stable potential, which is almost diffusion-independent. The latter process generates more capacity than the former, which is a major process. For the S@MHPC hybrid (Fig. 7a) The overpotential, the potential gap between charge (oxidation) and the main discharge (reduction) plateaus (∆V as shown in Fig. 7a-c The overpotentials of the S@C hybrids at high current rates, which are obtained from the redox peak differences of the dQ/dV curves ( Fig. S7-9 ) of the first cycle at that rate, the discharge capacities of which are shown in LiNO3. 38, 39 Similar peaks also appear in the S@OSPC and S@KEAC hybrids, as seen in Fig. 9b and c. In the first anodic sweep, there is a strong and sharp peak centering at ca. 2.48 V, attributed to the conversion of Li2S/Li2S2 to Li2S8/S8, which is also consistent with the main charge plateau in Fig. 7a .
Because of the hysteresis in the CV technique, 40 the cathodic peaks shift to a lower potential and the anodic peak shift to a higher potential compared to the discharge/charge plateau potentials. There is a weak shoulder peak centering at ca. 2.69 V, which is considered from the conversion from Li2S8 to sulfur. 41 The cathodic peak corresponding to the transition from sulfur to the polysulfides shifts slight from 2.28 V to 2.32 V after 5 cycles. Moreover, the main anodic peak shows a ignorable shifts from 2.48 to 2.47 V after 5 cycles. In addition, the position of the peak relating to the reduction of polysulfide to Li2S2/Li2S almost does not change upon cycling. Overall, the polarization of the S@MHPC hybrid shows relatively a stable low level in the tested cycles, which is attributed to the well encapsulated sulfur in the spherical microporous carbon shell and hence less amount of polysulfides dissolving in the electrolyte. As a result, there is less amount of insulating Li2S/Li2S2 depositing on the electrode, and there is also intimate contact of S/polysulfides with the carbon substrate, which favor both electron transfer and lithium-ion diffusion. In comparison, there are also two major cathodic peaks in the CV curves of the S@OSPC hybrid, but center at lower potentials (1.98 and 2.21 V) and are much broader than those of the S@MHPC hybrid. There is also only one anodic peak appearing, centering at ca. 2.67 V, but is broad. The peak potential is higher than that of the S@MHPC hybrids (2.48 V). The larger redox overpotential and broader peak indicate larger redox polarization and lower redox kinetics, which is in agreement with that obtained from the discharge/charge plateaus (Fig. 7b) . The weak shoulder peak occurring at 2.69 V for the S@MHPC hybrid cannot be observed in Fig. 9b . It is probably overlapped by the broad peak or there is no such peak. One anodic peak without coupling a weak shoulder peak is commonly found in S@C systems, such as graphene oxide/sulfur cathode, 42 porous carbon nanofibers/sulfur cathode. 37, 43 In addition, One main anodic peak coupling with a weak shoulder peak at higher potential ranging in 2.6-2.8 V is also observed in some other S@C systems, such as S@porous hollow carbon cathode, 13 dual coaxial nanocable sulfur cathode 41 and nanostructured sulphur-carbon nanotube cathode, 44 which
is suggested due to the further oxidation of Li2S8 to elemental S after the main oxidation of Li2S/Li2S2 to Li2S8, when a high conductive carbon matrix is applied. In this case, it confirms that the highly porous hierarchical structure of the MHPC facilitates electron transfer due to the homogenous distribution of sulfur in the microporous shell and the intimate contact of sulfur to the carbon substrate. Moreover, the overpotential of the redox peaks of the S@OSPC hybrid increases evidently during cycling, indicating a severe increasing polarization, consistent with the result from the discharge/charge profiles ( Fig.   7b ).
For the S@KEAC hybrid (Fig. 9c) , the two main cathodic peaks also locate at higher potentials and the main anodic peak locates at lower potentials compared with those of the S@MHPC hybrid, but the shifts are slightly smaller than those of the S@OSPC hybrid. The weak shoulder peak corresponds to the reduction of Li2S8 to S8 also occurs, which is at 2.72 V. It is obtained that the spongy-like porous structure is superior to the OSPC in reaction kinetics, but is inferior to the MHPC. 
Conclusions
A micron-sized spherical carbon with hierarchically marcoporous core and microporous shell with a surface area of 672 m 2 g -1 is successfully synthesized from a sustainable biomass material of amylose by a multi-step pyrolysis. After incorporating sulfur with melting infiltration, the long and narrow channels in the shell are fully filled with sulfur, but the marcoporous core is mostly maintained. This S@C hybrid with a sulfur contents of 48 wt% shows a high initial capacity of 1490 mA h g -1 at 0.1 C and a capacity of 798 mA h g -1 after
200 cycles as cathode material for lithium-sulfur batteries. Capacities of 681
and 487 mA h g -1 is obtained at 1 C and 3 C rates, respectively. This S@C hybrid also shows low polarization and high redox kinetics during cycling.
It is obtained that sulfur is well confined in the long and narrow channels of the spherical carbon, alleviating effectively the dissolution of polysulfides to the electrolyte and offers intimate contact of the active material with the carbon substrate. The large surface area provides sufficient sites for the deposition of the insulating Li2S2/Li2S. The unique structure offers both facile electron transfer and lithium-ion diffusion. The synthesis process does not need any assisted chemical solution, which is considered environmentally friendly. While the one-step pyrolysis and the chemical reagent assisted pyrolysis methods are found only to produce inferior structured porous carbon, which offer inferior electrochemical properties after incorporating sulfur. The multi-step pyrolysis method and the synthesized spherical hierarchically porous carbon is considered having potential application in developing carbonaceous materials from biomass materials for energy storage.
